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Edited by Mark StittAbstract Feeding insects introduce oral secretions (OS) into
the wounded tissue of the attacked plant. Various OS-derived
molecules must be involved in subsequent processes including
the induction of plant defence reactions. Using the planar lipid
bilayer membrane technique, isolated OS were analyzed with
respect to their membrane activities. Transmembrane ion ﬂuxes
were generated by OS of eight diﬀerent lepidopteran larvae, all
of which form comparable ion channels in artiﬁcial membranes.
Currents were characterized by long lasting open times and con-
ductivities from 250 pS up to 1100 pS. Channels formed by Spo-
doptera exigua secretions showed a preference for cations over
anions. OS also induced a transient increase of the cytosolic cal-
cium concentration in soybean cells, determined by the aequorin
technique. Known compounds of the OS, fatty-acid–glutamine
conjugates, also interfered with the membrane but were unable
to form stable channels. Since ion ﬂuxes and depolarization
are early responses upon insect feeding, OS-derived components
may be involved in the elicitation process by direct interaction
with the plant membranes.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Ion ﬂuxes; Linolenoyl–glutamine; Oral secretions;
Planar lipid bilayer; Plant–insect interactions1. Introduction
When herbivorous insects feed on plants, their oral secre-
tions (OS) inevitably come in contact with the wounded plant
tissue. Thereby, the insects provide chemical signals that might
be involved in the interaction between the attacking insect and
the defending plant [1]. In general, the earliest detectable sig-
nalling events in plant defence responses include plasma mem-
brane depolarization and transmembrane ion ﬂuxes. Elicitors
such as peptides or oligosaccharides [2,3] derived from the
breakdown of pathogen cell walls induce Vm depolarization.
Recent studies with feeding larvae of the lepidopteran species
Spodoptera littoralis showed that the plant’s cell membrane
potential (Vm) is depolarized in the vicinity of the bite zone,
as the earliest measurable event [4,5]. This depolarization is*Corresponding authors. Fax: +49 3641 571202 (W. Boland);
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tire plant starting from the point of origin of the perceived in-
put [4]. Hence, of particular interest in the interaction between
the host and the aggressor is the role of molecules that might
aﬀect Vm either by direct interference with the lipid phase or
receptor-mediated [2,6,7]. Interestingly, a recent study demon-
strated that exogenously added H2O2 is a strong depolarizing
molecule [8] that also can be induced or introduced during in-
sect feeding [9,10]. However, due to its short life-time, H2O2 is
probably not more than one component of the more complex
salivary secretion that contributes to the depolarization. Thus,
one of the central open questions in insect-induced plant
responses is the nature of the molecule responsible for Vm
depolarization after herbivory.
Herbivore-speciﬁc compounds have been isolated from OS
of feeding insects that exhibited elicitor-like properties, e.g.,
certain enzymes (glucose oxidase, alkaline phosphatase, b-glu-
cosidase, [11–13]) or fatty-acid–amino acid conjugates such as
volicitin [14]. Some of these elicitors exhibited defence-related
activities when added to certain mechanically wounded plants
[13–19]. For volicitin, a putative receptor has been claimed for
corn (Zea mays) plasma membranes, suggesting that in this
particular plant all volicitin eﬀects are receptor-mediated
[20]. The general structures of the fatty-acid–amino acid conju-
gates have been determined as N-acyl-glutamines, where the
fatty-acid moiety is represented mainly by linolenic acid
(C18:3), linoleic acid (18:2), and derivatives thereof
[14,21,22]. However, these insect-derived compounds are not
general elicitors which are always recognized by receptors as,
for example, neither in Lima bean (Phaseolus lunatus) nor in
cotton (Gossypium hirsutum) induction of indirect defenses
could be demonstrated [23,24]. Nevertheless, in soybean (Gly-
cine max) cell cultures a detergent-like eﬀect of various exoge-
nously added N-acyl-glutamines has been shown to change
cytosolic Ca2+ concentrations [5].
In order to analyze and characterize eﬀects of OS and com-
pounds thereof on membranes and changes of Vm, an electro-
physiological approach was chosen by using the planar
(black) lipid bilayer technique. Black lipid bilayer membranes
(BLM) are widely used to elucidate the molecular mechanisms
of activity of various biologically active substances such as
polyene and polypeptide antibiotics [25,26] or toxins of diﬀer-
ent nature [27,28]. Using this BLM technique, we show that
insect-derived OS may directly interact with artiﬁcial lipid
bilayers, generating channel-like activities that are highly con-
ductive and selective for certain ions. Moreover, OS also initi-
ates changes of intracellular Ca2+ concentrations in soybeanblished by Elsevier B.V. All rights reserved.
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compounds in the OS of herbivorous insects that are directly in-
volved in the induction of Vm depolarization and subsequently
in the initiation of defence reactions of infested plants.2. Materials and methods
2.1. Animal and plant material
Larvae of the various insects of the order Lepidoptera were grown
according to the particular references: Noctuidae: Spodoptera littoralis,
S. exigua [5], Helicoverpa armigera [29]; Sphingidae: Manduca sexta
[16]; Pieridae: Pieris rapae, P. brassicae [30]; Plutellidae: Plutella xylo-
stella [31]. Trichoplusia ni (Noctuidae) larvae were grown on artiﬁcial
diet (No. 9795, Bioserv Inc., Frenchtown, USA) supplemented with
vitamins (No. 8045, Bioserv Inc.). All colonies were reared at 21–
26 C, 55–65% relative humidity and a 16:8 light:dark photoperiod.
Transgenic soybean 6.6.12 cell lines carrying the stably integrated
plasmid pGNAequ/neo2 and expressing apoaequorin were grown and
used to reconstitute aequorin as described [32].
2.2. Collection of oral secretions
Oral secretions were collected into glass capillaries by gently squeez-
ing the larva with a forceps behind the head which caused immediate
regurgitation. Harvested samples were centrifuged at 14,000 · g for
10 min at 4 C to obtain clear supernatant. When necessary, secretions
were stored at (80 C) until use.
2.3. Planar lipid bilayer membrane assays
Classical planar lipid bilayer membranes (BLM) method was used in
the present study. Lipid bilayers were formed from a 20 mg/ml solution
of 1,2-diacyl-sn-glycero-3-phosphatidylcholine Type II-S from soybean
(Sigma, Deisenhofen, Germany) in heptane on 500 lm or 800 lm holes
in 10 mm diameter Teﬂon cylinder placed into a rectangular glass
chamber of 50 · 20 ·30 mm size. Thickness of the Teﬂon cylinder wall
was about 1 mm. The brush technique of Mueller and Rudin [33] was
used for the BLM formation, the process of the BLM formation was
monitored online, and the bilayer area was estimated by the amplitudeA
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Fig. 1. Comparison of membrane activity of oral secretions from Spodoptera
trans): 200 mMKCl, 10 mM Tris/HCl, pH 9.2. (A) OS was applied to the cis-c
ml. The insert shows a typical recording with opening and closing events. (B)
concentration of 30 lg/ml at 30 mV.of the rectangular shape current pulses generated by the 10 mV
tooth-shape voltage pulses applied to the membrane via two Ag–AgCl
electrodes connected by agar bridges. Currents were recorded under
voltage-clamp conditions with Low Noise Current Preampliﬁer, Model
SR 570, (Stanford Research System, Sunnyvale, USA). Current signals
(ﬁltered at 30 Hz) were digitized with National Instruments (Austin,
USA) PCI-6024E card; data were stored and analyzed with Strathclyde
Electrophysiology Software WinEDR V 2.4.9 (John Dempster, Uni-
versity of Strathclyde, Glasgow, UK).
Various concentrations of N-linolenoyl-L-glutamine (LeaGln) [21]
solved in MeOH were added to the cis-compartment, and stirred for
three min before the membrane was formed. The process of the mem-
brane formation normally took about 2 min. Within the next 3 min,
the current was registered and used for calculation of the membrane
conductance. In the assays for the membrane mechanical stability as
a function of LeaGln concentration, the DC voltage was increased
by 10 mV/s steps until the moment of the membrane disruption. In
the experiments with OS, 2–3 ll samples were added to the cis-com-
partment to a ﬁnal concentration of about 1 ll/ml in the buﬀer. Both
cis- and trans-compartments were ﬁlled with 10 mM Tris/HCl, pH
9.2 containing 200 mM KCl; the high pH was chosen because it repre-
sented the pH of the insects’ OS. Speciﬁc changes are stated in the par-
ticular experiments.
2.4. Aequorin dependent luminescence measurements
Soybean cells’ aequorin was reconstituted with aequorin in vivo with
10 lM synthetic coelenterazine on a shaker (125 rpm) in the dark for
24 h. Ca2+-speciﬁc luminescence (470 nm) was measured in a ﬁnal vol-
ume of 200 ll using a digital luminometer (Bio-Orbit 1250, Turku, Fin-
land) as described [32,34]. Treatments with OS was performed by
adding 5 ll OS to the cell suspension culture. Mixing time for the addi-
tion of any compound was 5–7 s. In each experiment, the concentra-
tion of reconstituted aequorin was not limiting under any of the
experimental conditions, with a maximal consumption not exceeding
10%. At the end, the residual aequorin was completely discharged by
adding 200 ll of 20% EtOH containing 2 M CaCl2 (ﬁnal concentration
10% and 1 M, respectively). The resulting luminescence was used to
estimate the total amount of aequorin present in various experiments
in order to determine the rate of aequorin consumption for the calcu-
lation of the cytosolic Ca2+.exigua larvae (A) and LeaGln (B). Experimental conditions: Buﬀer (cis/
ompartment of the membrane at 25 mV at a ﬁnal concentration of 1 ll/
LeaGln was applied to the cis-compartment of the membrane at a ﬁnal
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Fig. 2. Eﬀect of LeaGln on the stability of BLM. (A) Exemplary plot
of the increasing bilayer conductivity with increasing concentrations of
LeaGln. Experimental conditions: Buﬀer (cis/trans): 200 mM KCl,
10 mM Tris/HCl, pH 9.2 at 50 mV. (B) Correlation of the concentra-
tion of LeaGln and the disruption voltage of BLM. Experimental
conditions: Buﬀer (cis/trans): 200 mM KCl, 10 mM Tris/HCl, pH 9.2.
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3.1. Ion channels formed by oral secretion and LeaGln
The ability of OS from herbivorous insect larvae to induce
ion conductance was tested with BLM. The addition of fresh
samples of S. exigua-derived OS (1 ll/ml) to the cis-compart-
ment of BLM generated a channel-like activity when a con-
stant voltage (25 mV) was applied across the membrane
(Fig. 1A). OS initiated cation ﬂux from the cis- to the trans-
compartment or the ﬂow of anions in the opposite direction.
The calculated conductance was about 530 ± 65 pS. The dom-
inating current is characterized by discrete opening steps of
long lasting dwell time and various amplitudes. Strikingly,
multiple conductance steps were detected that indicate the
simultaneous as well as consecutive opening of more than
one single channel.
Interestingly, the eﬀects of the OS component LeaGln on
BLM currents were completely diﬀerent. A characteristic
behaviour of the current in the presence of LeaGln (30 lg/
ml) is shown in Fig. 1B. It is obvious that non-regular ﬂuctu-
ations were the predominant activities. Long lasting open
states were superimposed by rapid ﬂickers, and opening and
closing events. Such types of currents suggest the presence of
disturbed membrane structures caused by the added com-
pound. This strongly supports the interpretation of data
obtained in a previous study where the eﬀects of LeaGln and
derivatives have been attributed to their amphiphilic character
and, hence, detergent-like properties [5], which could cause
phase transitions in the membrane.
Recently, inceptins, disulﬁde-bridged peptides representing
proteolytic fragments of chloroplastic ATP synthase c-subunit,
have been identiﬁed in S. frugiperda larval OS [35]. Inceptin
triggers ethylene production, increases the level of salicylic acid
and jasmonic acid, and mediates plant perception of herbivory
through the induction of various defenses in cowpea (Vigna
unguiculata). Obviously, inceptin functions as a signal initiat-
ing speciﬁc plant responses to insect attack. A synthetic incep-
tin (ICDVNGVCVDA; JPT Peptide Technologies, Berlin,
Germany) was used in our study to test its ability to induce
ion-channels in BLM-assays. However, up to a concentration
of 0.85 lg/ml, inceptine had no eﬀect on the artiﬁcial mem-
brane.
3.2. Action of LeaGln on the conductance and mechanical
stability of BLM
To further investigate the eﬀect of LeaGln on membranes,
various concentrations of this compound were tested on the
artiﬁcial bilayer membrane. A conductance versus increasing
LeaGln concentration analysis is shown in Fig. 2. The BLM
conductivity remained unchanged using up to 20 lg/ml Lea-
Gln; with higher concentrations, conductance started to
increase (Fig. 2A) until a ﬁnal breakdown. This mechanical
stability of the BLM as function of the LeaGln concentration
was further investigated. DC voltages that were suﬃcient to
disrupt the bilayer membrane were determined and plotted
against the LeaGln concentrations. Linear extrapolation of
this relationship shows that the bilayer became completely
unstable (even at zero voltage) at LeaGln concentrations high-
er than 45 lg/ml (Fig. 2B). This result is somehow in contrast
to the ﬁndings that a concentration of 100 lg/ml caused only a
weak depolarization of membranes in Lima bean leaves and
50 lg/ml initiated a transient inﬂux of external calcium insoybean cells; in both cases without destroying the cell mem-
brane [5]. However, this might be due to the limited stability
of artiﬁcial membranes compared with complex cell mem-
branes. In any case, the membrane-aﬀecting activity of OS at
the concentration of 1 ll/ml (corresponding to 100 ng Lea-
Gln/ml) (Fig. 1), is about 500-fold higher than the activity of
LeaGln.
3.3. Distribution of channel-forming activities in lepidopteran
species
In order to analyze the presence of channel-forming activi-
ties in herbivorous species of the order Lepidoptera, several
larvae representing four families were investigated. The cur-
rents generated by the addition of OS harvested from lepidop-
teran larvae of eight diﬀerent species displayed similar current
ﬂuctuation patterns in BLM (Figs. 1A and 3). Only typical
traces representing ion channel activities induced by OS of
the particular species are shown. Recorded current ﬂuctuations
corresponding to openings and closings of single ion channels
revealed conductivities ranging from 250 pS and 350 pS
Spodoptera littoralis
Manduca sexta
10 pA 
20 s
Pieris brassicae
Helicoverpa armigera
Trichoplusia ni
Pieris rapae
+25 mV
+30 mV
+25 mV
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+30 mV
+30 mV
50 pA 
20 s
Plutella xylostella
+30 mV
Fig. 3. Currents generated by oral secretions of seven diﬀerent lepidopteran species in BLM. Experimental conditions: Buﬀer (cis/trans): 200 mM
KCl, 10 mM Tris/HCl, pH 9.2. 1–5 ll/ml of the particular OS was applied to the cis-compartment of the membrane at 25 or 30 mV.
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for OS from P. xylostella. In general, the ion channels re-mained open for several minutes, in a few cases for more than
one hour (data not shown). The current trace produced by OS
902 H. Maischak et al. / FEBS Letters 581 (2007) 898–904from T. ni showed closing of an ion channel that reduced the
conductivity by ca. 50% (Fig. 3). This suggests that the conduc-
tivity measured before the closing event might have been gen-
erated by a simultaneous opening of two channels; during the
time of reduced conductivity, the second channel opened
repeatedly with open times of <2 s.
Partial closing of the channels with a reduction of conductiv-
ity of 15–25% and return to the original conductivity after
some seconds was frequently observed in all species examined,
less frequently detected was an increase in conductivity of
about 15% (Fig. 3). At this point, it is not clear whether these
observations are due to a unique property of the channel-form-
ing compound or if several channel-forming compounds are
present in the OS and if they could act independently. Interest-
ingly, the channel-forming activities of the OS were indepen-
dent on the larvae’s rearing conditions, whether the insects
fed on plants or artiﬁcial diet.
3.4. Characterization of the ion-channel-like activity from
S. exigua oral secretions
For further analyses of the channel properties, the current–
voltage (I/V) characteristics of the channels were determined.
Independent recordings obtained either with 100 mM KCl in
both cis- and trans-compartments (Fig. 4, trace a) or with
asymmetrically distributed KCl concentrations, i.e., 400 mM
KCl in cis- and 100 mM KCl in trans-compartment, respec-
tively (Fig. 4, trace b), were combined and the corresponding
I/V dependences are presented in Fig. 4. The I/V characteristics
in the case of the KCl-gradient across the membrane shiftedI (pA)
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Fig. 4. Current–voltage relationships (I/V) of single channels from Spodop
symmetric conditions: 100 mM KCl, 10 mM Tris/HCl, pH 9.2. Closed circles
10 mM Tris/HCl, pH 9.2, trans: 100 mM KCl, 10 mM Tris/HCl, pH 9.2.along the x-(voltage)-axis to about 20 mV, indicating that
the channels are more permeable for cations (K+) than for
anions (Cl), with a ratio of the permeabilities of about 4.5.
The relatively low cation over anion selectivity of the channel
correlates with its high conductance of about 530 ± 65 pS
(symmetrical 200 mM KCl solutions, Fig. 1A) and about
340 ± 19 pS (symmetrical 100 mM KCl solutions). For the
OS of P. xylostella, a K+/Cl ratio of about 2 was measured.
The channels might be transmembrane pores of relatively large
diameter and, hence, showed low cation over anion selectivity,
resembling properties of the ion channel described by Daven-
port and Tester [36].
3.5. Oral secretion-induced changes of cytosolic Ca2+
concentrations
Lepidopteran larvae feeding on plants initiated cell mem-
brane depolarization in the vicinity of the bite zone followed
by a transient increase of the cytosolic Ca2+ ([Ca2+]cyt) in the
same region [5]. Calcium ions are predominantly involved in
cell signalling processes and the speciﬁcity of the [Ca2+]cyt-sig-
nal in triggering a response depends on amplitude, temporal,
and spatial changes [37]. In a previous work it has been
observed that the use of a voltage-gated Ca2+ channel antago-
nist, verapamil, was able to reduce herbivore feeding-induced
Ca2+ inﬂux in Lima beans [5] demonstrating an active role of
the Ca2+-channels for the increase of [Ca2+]cyt. However, since
we did not observe an OS-dependent Ca2+-current in the BLM
experiments, this Ca inﬂux might be not responsible for the in-
duced membrane depolarization as described for the diﬀerenta
b
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Fig. 5. Monitoring of cytosolic Ca2+ concentration ([Ca2+]cyt) changes
in soybean cell suspension cultures expressing the Ca2+ sensing
aequorin system. Cells were treated with 5 ll of oral secretions (OS)
from Spodoptera littoralis or with water (control), indicated by an
asterisk.
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order to investigate the eﬀect of OS on [Ca2+]cyt, in more detail
transgenic soybean cell cultures were used which carry the
Ca2+-sensitive aequorin system [34]. In fact, the presence of
OS resulted in a long lasting, transient Ca2+ increase
(Fig. 5). Immediately after the application of OS, a fast Ca2+
spike appeared, similar to the signal that has been described
for LeaGln and derivatives [5]. In contrast to LeaGln, how-
ever, an additional delayed Ca2+ increase started after about
90 s, having a maximum between 2 and 2.5 min, and slowly
decreased. Such delayed Ca2+ signals are typical for pathogen
elicitor-induced responses [32]. Longer lasting inﬂuxes are
expected to penetrate farther into the cytoplasm and encounter
more centrally located Ca2+-dependent enzymes. Thus, it is
reasonable to assume that herbivory- or OS-induced ion-ﬂuxes
[5] initiate depolarization in plant cell membranes and, as a
consequence, voltage-depending Ca2+ channels start to open
which are involved in a downstream, delayed increase of
[Ca2+]cyt. Recent studies indeed have raised the idea that depo-
larization-activated Ca2+ channels can act as a sensor for var-
ious stimuli and might be an exclusive signal transduction
element [38].
The focus of ongoing work is the puriﬁcation and identiﬁca-
tion of the channel-forming compound(s) using a combination
of classical chromatographic and BLM techniques in order to
ﬁnd out more about the origin, the mode of action, and the
role of this substance(s) during herbivory. It should be noted
that the demonstrated ion channel-forming activity hardly
explains the OS- and herbivory-induced depolarization [5]. In
living plant cells the K+-eﬄux along the existing K+-gradient
would cause hyperpolarization rather than depolarization.
Nevertheless, the fact that the ability to initiate ion channel-
like activities is widespread among the selected species that
represent four insect families, points to a general phenomenon
in lepidopteran larvae and, thus, to the importance of the com-
pounds responsible for this particular eﬀect in plant–insect
interactions.
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